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Abstract 

We present an introduction into the basic concepts of the Standard Model, i.e. the gauge theories 
of the forces and the Higgs mechanism for generating masses. The Glashow-Salam- Weinberg 
theory of the electroweak interactions will be described in detail. The key experiments are 
reviewed, including the precision tests at high energies. Finally, the limitations and possible 
physics areas beyond the Standard Model are discussed. 
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1 Prologue 



A most fundamental element of physics is the reduction principle. The large variety of macro- 
scopic forms of matter can be traced back, according to this principle, to a few microscopic 
constituents which interact by a small number of basic forces. The reduction principle has 
guided the unraveling of the structure of physics from the macroscopic world through atomic 
and nuclear physics to particle physics. The laws of Nature are summarized in the Standard 
Model of particle physics (Gla 61, Sal 68, Wei 67, Fri 72). All experimental observations are 
compatible with this model at a level of very high accuracy. Not all building blocks of the 
model, however, have been experimentally established so far. In particular, the Higgs mecha- 
nism for generating the masses of the fundamental particles (Hig 64, Eng 64, Gur 64) which is a 
cornerstone of the system, still lacks experimental verification up to now, even though indirect 
indications support this mechanism quite strongly. 

Even if all the elements of the Standard Model will be established experimentally in the 
near future, the model cannot be considered the ultima ratio of matter and forces. Neither 
the fundamental parameters, masses and couplings, nor the symmetry pattern can be derived; 
these elements are merely built into the model by hand. Moreover, gravity with a structure 
quite different from the electroweak and strong forces, is not coherently incorporated in the 
theory. 

Despite this criticism, the Standard Model provides a valid framework for the description 
of Nature, probed from microscopic scales of order 10~ 16 cm up to cosmological distances of 
order 10 +28 cm. The model therefore ranks among the greatest achievements of mankind in 
understanding Nature. 

The Standard Model consists of three components: 

1. The basic constituents of matter are leptons and quarks (Gel 64, Zwe 64) which are realized 
in three families of identical structure: 

leptons: v e 

e~ 

quarks: u 
d 



c t 
s b 
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The entire ensemble of these constituents has been identified experimentally. The least known 
properties of these constituents are the profile of the top quark, the mixing among the lepton 
states and the quark states, and in particular, the structure of the neutrino sector. 

2. Four different forces act between the leptons and quarks: 



electromagnetic: 



weak: 




The electromagnetic and weak forces are unified in the Standard Model. The fields associated 
with these forces, as well as the fields associated with the strong force, are spin-1 fields, describ- 
ing the photon 7, the electroweak gauge bosons W ± and Z, and the gluons g. The interactions 
of the force fields with the fermionic constituents of matter as well as their self-interactions are 
described by Abelian and non-Abelian SU(3) x SU(2) x U(l) gauge theories (Wey 29, Yan 54). 
The experimental exploration of these fundamental gauge symmetries is far advanced in the 
sector of lepton/quark-gauge boson interactions, yet much less is known so far from experiment 
about the self-interactions of the force fields. The gravitational interaction is mediated by a 
spin-2 field, describing the graviton G, with a character quite different from spin-1 gauge fields. 
The gravity sector is attached ad hoc to the other sectors of the Standard Model, not properly 
formulated yet as a quantum phenomenon. 

3. The third component of the Standard Model is the Higgs mechanism (Hig 64, Eng 64, Gur 
64). In this sector of the theory, scalar fields interact with each other in such a way that the 
ground state acquires a non-zero field strength, breaking the electroweak symmetries sponta- 
neously. The potential describing these self-interactions is displayed in Fig. |I[ The interaction 
energies of electroweak gauge bosons, leptons and quarks with this field manifest themselves as 
non-zero masses of these particles. If this picture is correct, a scalar particle, the Higgs boson, 
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V[p] 



Figure 1: The Higgs potential of the Standard Model. 

should be observed with a mass of less than about 700 GeV, the final experimentum crucis of 
the Standard Model. 

Experimental efforts extending over more than a century, have been crucial in developing 
these basic ideas to a coherent picture. The first elementary particle discovered at the end of 
the 19th century was the electron (Wie 97, Tho 97, Kau 97,97a), followed later by the other 
charged leptons, the \i (And 37) and r leptons (Per 75). The first species of weakly interacting 
neutrinos, is e , was found in the fifties (Rei 53), the others, (Dan 62) and v T (Pol 00), one 
and five decades later. The up, down and strange quarks were "seen" first in deep-inelastic 
electron- and neutrino- nucleon scattering experiments (Fri 72a, Eic 73), the discovery of the 
charm quark (Aub 74, Aug 74) marked what is called "November revolution" of particle physics. 
The bottom quark of the third family was isolated in the 70's (Her 77) while the discovery of 
the top quark followed only recently (Abe 95, Aba 95). 

The photon as the quantum associated with the electromagnetic field, was discovered when 
the photo-electric effect was interpreted theoretically (Ein 05), while the heavy electroweak 
bosons W , Z have first been isolated in pp collisions (Arn 83, Ban 83, Arn 83a, Bag 83). 
Gluons as the carriers of the strong force were discovered in the fragmented form of hadron 
jets, generated in e + e~ annihilation at high energies (Bra 79, Bar 79, Ber 79). 
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Future experimental activities will focus, in the framework of the Standard Model, on the 
properties of the top quark, the non-Abelian gauge symmetry structure of the self-interactions 
among the force fields, and last not least, on the search of Higgs bosons and, if discovered, on 
the analysis of its properties. This experimental program is a continuing task at the existing 
collider facilities LEP2, HERA and Tevatron, and it will extend to the next-generation facili- 
ties, the pp collider LHC (ATL 99, CMS 94), a prospective e + e" linear collider (Zer 99, Acc 98, 
Mur 96) with beam energies in the TeV range, and a prospective muon-collider (Ank 99, Aut 
99). Other experimental facilities will lead to a better understanding of the neutrino properties 
and map out the quark mixings. 



2 Introduction 

2.1 The path to the standard model of the electroweak inter- 
actions 

The weak interactions of the elementary particles have been discovered in /3-decay processes. 
They are described by an effective Lagrangian of current x current type (Fer 34), in which 
the weak currents are coherent superpositions of charged vector and axial-vector currents, 
accounting for the violation of parity. For the /x-decay process /i~ — > e"v e v ili the Lagrangian is 
defined as 

G F 

C= V2 ^ m7A ^ ~ 75 ^ ^ ^ 7A ^ ~ 75 ^ ^ ^ 
The overall strength of the interaction is measured by the Fermi coupling constant 

G F ~ 1.17 x 1(T 5 GeV~ 2 (2) 

which carries the dimension of [mass] -2 . 



The Fermi theory of the weak interactions can only be interpreted as an effective low- 
energy theory which cannot be extended to arbitrarily high energies. Applying this theory to 
the scattering process v^e~ — > [i~v e at high energies, the scattering amplitude rises indefinitely 
with the square of the energy E cms = sfs in the center-of-mass system of the colliding particles: 

/o[^ e " -»■ V~ u e\ = 7^7^ ( 3 ) 
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However, as an S-wave scattering amplitude, fo must fulfill the unitarity condition |/o| 2 < 
Sm/o, leading to the upper limit |3?e/o| < 1/2. The theory can therefore not be applied at 
energies in excess of 

s < V2tt/G f ~ (600 GeV) 2 . (4) 

A simple line of arguments allows us to deduce the structure of the weak interactions from 
unitarity constraints (Lie 73, Cor 74) applied to a set of high-energy scattering processes. In 
this way the existence of charged and neutral vector bosons can be predicted, as well as the 
existence of a scalar particle, together with the properties of their interactions. 

a) Charged W ± Bosons. The unitarity problem described above can be solved by assuming the 
weak interactions to be mediated by the exchange of a heavy charged vector boson (Yuk 
35), cf. Fig. 0(a). The W propagator damps the rise in the energy of the scattering amplitude: 

AKe Ve] ^-^- w — (5) 

which is compatible with the unitarity limit if the IF-boson mass is sufficiently light. Defining 
the dimensionless coupling between the W-field and the weak current by gw/2\/2, the connec- 
tion to Fermi's theory at low energies leads to the relation = g^ v /SM'^ v . If the coupling 
gw is of the same order as the electromagnetic e, the mass of the W boson is close to 100 
GeV. The weak interactions in this picture are therefore not really weak but their strength is 
reduced only by the short-range character of the iy-exchange mechanism at low energies. The 
interaction is effectively weak since it is confined to distances of order \w = M^ 1 where \w is 
the small Compton wavelength of the W boson. 

b) Neutral W 3 Boson. Induced by the lv(W couplings, the theory predicts the production 
of W + W~ pairs in e + e~ annihilation. With the ingredients introduced up to this pointQ this 
process is mediated by the exchange of a neutrino, cf. Fig. @(b). When the W bosons in the final 
state are polarized longitudinally, their wave- functions e M (fc) = (A; 3 , 0, 0, k°)/M w grow linearly 
with the energy. The scattering amplitude for the process e + e~ — > W + W~, if mediated solely 
by u e exchange, therefore grows quadratically for high energies, and it violates the unitarity 
limit eventually. This divergence can be damped by the exchange of a doubly charged lepton in 
the w-channel, or else by the exchange of a neutral vector boson W 3 in the s-channel. Following 

1 Since the same argument can also be derived from vv annihilation to W + W~ pairs, the electromagnetic 
interactions can be disregarded in the present context. 
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the second branch, a trilinear coupling of the three W bosons, W ± = (W 1 T iW 2 )/\/2 and 
W 3 , must be introduced with strength gw^Um- The couplings gw^ab between the leptons a, b 
and the W bosons k, and the trilinear self-couplings gw e kim of the W bosons must fulfill the 
consistency conditions 



ie klm I m (6) 



to restore unitarity at high energies. 

c) W Self-Interactions. As a result of the trilinear couplings among the W bosons, the W bosons 
can scatter quasi-elastically, WW — > WW, cf. Fig. 0(c). The amplitude for the scattering of 
longitudinally polarized W bosons, built-up by virtual W exchanges, grows as the fourth power 
of yfs for high energies. This leading divergence is canceled by introducing a quadrilinear 
coupling among the W bosons which must be of second order in gw, and the dependence on 
the charge indices given by the tensors 

However, unitarity is not yet completely restored for asymptotic energies since the amplitude 
still grows quadratically in the energy. 

d) The Higgs Boson. Since all intrinsic mechanisms to render a massive vector-boson theory 
conform with the requirement of unitarity at high energies have been exhausted, only two 
paths are left for solving this problem. The WW scattering amplitude may either be damped 
by introducing strong interactions between the W bosons at high energies, or a new particle 
must be introduced, the scalar Higgs boson H, the exchange of which interferes destructively 
with the exchange of vector-bosons, Fig. 0(d). In fact, if the HWW coupling is defined by 
gwM\y, the scattering amplitude approaches for energies far above all masses involved, the 
asymptotic limit 

C A/f 2 

fa[W L W L -> W L W L ] -> -^=2- (8) 

which fulfills the unitarity requirement for sufficiently small values of the Higgs-boson mass 
M H . 

The same argument applies to fermion-antifermion annihilation to longitudinally polarized 
W bosons. For non-zero fermion mass rrif, the annihilation amplitude, based on Fig. 0(b), 
grows as rrif\/s indefinitely. The rise is damped by the destructive Higgs-boson exchange in 
Fig. 0(d). This damping mechanism is operative only if the coupling of the Higgs boson to a 
source particle grows as the mass of the particle. 
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By extending the analysis to the process WW — > HH and to amplitudes involving 3-particle 
final states, WW — > WW + H and W^VT — > HHH, the unitarity requirements can be exploited 
to determine the quartic W^-Higgs interactions and the Higgs self-interaction potential. The 
general form of the potential is constrained to be of quadrilinear type with the coefficients fixed 
uniquely by the mass of the Higgs boson and the scale of the WWH coupling. 

In Summary. The consistent formulation of the weak interactions as a theory of fields inter- 
acting weakly up to high energies leads us to a vector-boson theory complemented by a scalar 
Higgs field which couples to other particles proportional to the masses of the particles. 

The assumption that the particles remain weakly interacting up to very high energies, is a 
prerequisite for deriving the relative strengths of the weak to the electromagnetic coupling. 

2.2 The theoretical base 

The structure of the electroweak system that has emerged from the requirement of asymptotic 
unitarity, can theoretically be formulated as a gauge field theory. The fundamental forces of 
the Standard Model, the electromagnetic (Dir 27, Jor 28, Hei 29, Tom 46, Sch 48, Fey 49) and 
the weak forces (Gla 61, Sal 68, Wei 67) as well as the strong forces (Fri 72, Fri 73, Gro 73, 
Pol 73), are mediated by gauge fields. This concept could consistently be extended to massive 
gauge fields by introducing the Higgs mechanism (Hig 64, Eng 64, Gur 64) which generates 
masses without destroying the underlying gauge symmetries of the theory. 

2.2.1 Gauge theories 

Gauge field theories (Wey 29, Yan54) are invariant under gauge transformations of the fermion 
fields: ip — > Sip. S is either a phase factor for Abelian transformations or a unitary matrix 
for non-Abelian transformations acting on multiplets of fermion fields ip. To guarantee the 
invariance under local transformations for which S depends on the space-time point x, the 
usual space-time derivatives <9 M must be extended to covariant derivatives which include a 
new vector field V^. 

id^ -> iDp = idf, - gV^ (9) 
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g defines the universal gauge coupling of the system. The gauge field is transformed by a 
rotation plus a shift under local gauge transformations: 

V, - SV.S- 1 + i g- 1 [d fl S]S- 1 (10) 

By contrast, the curl F of V^, F^ v = —ig^ 1 [D^, D u ] , is just rotated under gauge transformations. 

The Lagrangian which describes the system of spin- 1/2 fermions and vectorial gauge bosons 
for massless particles, can be cast into the compact form: 

C[if>, V] = ijiflij - ^TrF 2 (11) 
It incorporates the following interactions: 

fermions- gauge bosons —gip ftp 

three-boson couplings igTr(d u V /Ji — c^V^fV^, V v ] 

four-boson couplings |g 2 Tr[V^, V v ] 2 

These types of interactions coincide exactly with the interactions derived from the unitarity 
requirements for fermion and vector boson fields interacting weakly up to asymptotic energies. 



2.2.2 The Higgs mechanism 

If mass terms for gauge bosons and for left /right-chiral fermions are introduced by hand, they 
destroy the gauge invariance of the theory. This problem has been solved by means of the Higgs 
mechanism (Hig 64, Eng 64, Gur 64) in which masses are introduced into gauge theories in a 
consistent way. The solution of the problem is achieved at the expense of a new fundamental 
degree of freedom, the Higgs field, which is a scalar field. 



Scalar fields cp can interact with each other so that the ground state of the system, corre- 
sponding to the minimum of the self-interaction potential 



V 



V 

y 



(12) 



is realized for a non-zero value of the field strengthF] tp v/y/2, cf. Fig. |l|. The interaction 

energies of massless gauge bosons and fermions with the Higgs field in the ground state can be 

2 Since the fixing of the ground-state value of cp destroys the gauge symmetry in the scalar sector before the 
interaction with gauge field is switched on, this is reminiscent of spontaneous symmetry breaking. 
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re-interpreted as the gauge-boson and fermion masses. 

The vector bosons are coupled to the ground-state Higgs field by means of the covariant 
derivative, giving rise to the value M v = g 2 v 2 /A of the vector-boson mass. 

By contrast, the interaction between fermion fields and the Higgs field is of Yukawa type 

£y = g f ff<p (13) 

Replacing the Higgs field by its ground state value, (p — > v/y/2, one obtains the mass term 
gfv/y/2ff, from which one can read off the fermion mass mf — gfv/y/2. 

As a result, the rules derived in a heuristic way from asymptotic unitarity are borne out 
naturally in the Higgs mechanism. Thus, the Higgs mechanism provides a microscopic picture 
for generating the masses in a theoretically consistent massive gauge field theory. 

In technical language, the Higgs mechanism leads to a renormalizable gauge field theory 
including non-zero gauge-boson and fermion masses (tHo 71, tHo 72). After fixing a small 
number of basic parameters which must be determined experimentally, the theory is under 
strict theoretical control, in principle to any required accuracy. 



3 The Glashow-Salam- Weinberg Theory 

The Standard Model of electroweak and strong interactions is based on the gauge group 

G S M = SU{3) x SU{2) x 1/(1) (14) 

of unitary gauge transformations. SU(3) is the non-Abelian symmetry group of the strong 
interactions (Fri 72). The gluonic gauge fields are coupled to the color charges as formalized 
in quantum chromodynamics (QCD). SU(2) is the non-Abelian electroweak-isospin group, to 
which three W gauge fields are associated. U(l) is the Abelian hypercharge group, the hyper- 
charge Y connected with the electric charge Q and the isospin 7 3 by the relation Y = 2(Q — 7 3 ). 
The associated B field and the neutral component of the W triplet field mix to form the photon 
field A and the electroweak field Z. The gauge theory of the electroweak interactions based on 
the symmetry group SU(2) x U(l) is known as the Glashow-Salam- Weinberg theory (Gla 61, 
Sal 68, Wei 67). 



12 



3.1 The electroweak interactions 



3.1.1 The matter sector 

The matter fields of the Standard Model are the leptons and quarks, carrying spin-1/2. They are 
classified as left-handed isospin doublets and right-handed isospin singlets^; moreover, quarks 
are color triplets. This symmetry pattern is realized in the first, second and third generation 
of the fermions in identical form: 



_e~ 

~u~ 
.d. 



l e 



R 
UR 

d R 



Vr 

cr 
sr 



V T R 



L T, 



R 
tR 

b R 



The left-handed down-type quark states are Cabibbo-Kobayashi-Maskawa mixtures of the mass 
eigenstates (Cab 63, Kob 73). 



This symmetry structure cannot be derived within the Standard Model. However, the ex- 
perimental observations are incorporated in a natural way. The different isospin assignment 
to left-handed and right-handed fields allows for maximal parity violation in the weak interac- 
tions. Given the assignments of electric charge, hypercharge and isospin, three color degrees 
of freedom are needed in the quark sector to cancel anomalies and to render the gauge-field 
theory renormalizable. The same symmetry pattern is needed in each of the three generations 
to suppress flavor-changing neutral-current interactions to the level excluded by experimental 
analyses. Moreover, at least three generations must be realized in Nature to incorporate CP 
violation in the Standard Model. 



3.1.2 The gauge sector 

The symmetries associated with isospin, hypercharge and color are realized as local gauge sym- 
metries. The corresponding spin-1 gauge fields are the following vector fields: 

3 Right-handed neutrinos, even though they may formally be included, play a special role among the basic 
fermions. This sector will not be elaborated upon in the present context. 
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577(2) isospin isotriplet i — 1, 2, 3 

hypercharge B a 
SU(3) color G® gluon color octet a = 1, . . . , 8 

The non-Abelian SU(2) isospin and SU(3) color fields interact among each other in trilinear 
and quadrilinear vertices. 



3.1.3 The Higgs sector 



To combine left-handed doublets and right-handed singlets in the fermion-Higgs Yukawa inter- 
action, the Higgs field must be an isodoublet field ip = [if , ip~\. 

The value of the field in the ground state is determined by the minimum of the self- 
interaction potential V((p). A field component H which describes small oscillations about 
the ground state defines the physical Higgs field. Thus the scalar isodoublet field may be 
parametrized as: 

« = u [ {v+ l)iJ\ (15) 

where the SU(2) matrix U incorporates the three remaining Goldstone degrees of freedom be- 
sides the physical field H. 



3.1.4 Interactions 

The interactions of the Standard Model are summarized by three terms in the basic LagrangianF]: 

^gauge & fermions ^Higgs (16) 

The first term is built up by the gauge fields and their self-interactions: 



£ gauge ~ -^W'^W^ - -B^B^ - -G^G^ (17) 



with the field strengths 



W; v = d^-d.Wl-gwe^W^ (18) 
£v = d u B^-d a B u (19) 
G%> = ^G^ ~ duG a v — g s j° hc G a j] G v (20) 



4 We will not work out the full Lagrangian needed in calculations of higher-order corrections. This would 
require additional terms for the gauge fixing and the ghost sector. 
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The tensors e l ^ k and f abc are the SU(2) and SU(3) structure constants, gw and g s are the 
weak-isospin and the strong coupling, respectively. 



The second term summarizes the fermion-gauge boson couplings 

£fermion = J2f i ¥ > f ( 21 ) 

with the sum running over the left- and right-handed field components of the leptons and 
quarks. Depending on the fermion species, the covariant derivative takes the form 

iD, = id, + g w PW; - g' w ^B, + g s T a G^ (22) 
where the hypercharge coupling is denoted by g' w . 



Finally, the Higgs Lagrangian contains the Higgs-gauge boson interactions generated by 
the covariant derivative, the Higgs-fermion Yukawa couplings and the potential of the Higgs 
self-interactions: 



Cm 99S = \D^\ 2 + g d f d cpf d + g)fl<p& + h.c. - £ 



\<P 



2 V 2 



(23) 



The field <p can generate the masses for down-type leptons and quarks f d , while the field 
(p = ir 2 ip* is the charge-conjugated Higgs field which generates the masses of the up-type 
fermions f u . 

The Lagrangian £ summarizes the laws of physics for the three basic interactions, the elec- 
tromagnetic, the weak and the strong interactions between the leptons and the quarks, and it 
predicts the form of the self-interactions between the gauge fields. Moreover, the specific form 
of the Higgs interactions generates the masses of the fundamental particles, the leptons and 
quarks, the gauge bosons and the Higgs boson itself, and it predicts the interactions of the 
Higgs particle. 



3.2 Masses and mass eigenstates of particles 

In the unitary gauge the mass terms are extracted by substituting (p — > [0,v/y/2] in the basic 
Higgs Lagrangian fl2"3"|). The apparent SU{2) symmetry seems to be lost thereby, but only 
superficially so and remaining present in hidden form; the resulting Lagrangian preserves an 
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apparent local U(l) gauge symmetry which is identified with the electromagnetic gauge sym- 
metry: SU{2) x 17(1) -> U(l) cm . 



Gauge Bosons: The mass matrix of the gauge bosons in the basis (W, B) takes the form 




\ 



Ml = 



9w 



(24) 



V 



9w 9w9w 
9w9w 9w I 



After diagonalization the fields are assigned the following mass eigenvalues: 



charged weak bosons W ± M^± = j9w v2 
neutral weak boson Z M\ = \{g%/ + g'w) v2 
photon 7 Ml = 



As eigenstates related to the two masses M^± the charged W ± boson states may be defined as 




The specific form of the mass matrix leads to a vanishing eigenvalue, a consequence of the 
residual U(l) em gauge symmetry. The associated eigenstate is the photon field which is a 
mixture of the neutral isospin field W 3 and the neutral hypercharge field B while the orthogonal 
eigenstate corresponds to the Z field: 



The electroweak mixing angle fly/ is defined by the ratio of the SU{2) and Z7(l) couplings: 



Experimentally the mixing angle turns out to be large, i.e. sin 2 -^^ — 0.23 . The fact that the 
experimental value for sin 2 i?vf is far away from the limits or 1, indicates a large mixing effect. 
This supports the interpretation that the electromagnetic and the weak interactions are indeed 
manifestations of a unified electroweak interaction even though the underlying symmetry group 
SU{2) x U(l) is not simple. This argument is strengthened when the strong and electroweak 



A; = sin 

Z = cos -& w Wl - sin -& W B 



(26) 
(27) 



tan?V = g'w/gw 



(28) 
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symmetry group SU(3) x SU(2) x U{1) is unified to SU(5): reduced to one single coupling, 
the electroweak mixing angle is predicted at the unification point as sm 2, d\y = 3/8. This value 
is renormalized to ~ 0.2 if the couplings are evolved from the unification scale Kjj ~ 10 16 GeV 
down to the electroweak scale A w ~ M w . It may therefore be concluded that the electromag- 
netic and the weak interactions are truly unified in the Glashow-Salam- Weinberg theory of the 
electroweak interactions. 

The ground-state value of the Higgs field is related to the Fermi coupling constant. From 
the low-energy relation Gp/\^2 = g w /SM^r in (3 decay and combined with the mass relation 
M w = gjyt> 2 /4, the value of v can be derived: 

v = [l/V2G F ] 1/2 (29) 
~ 246 GeV 

The typical range for electroweak phenomena, defined by the weak masses Mw and Mz, is of 
order 100 GeV. 

Fermions: Both leptons as well as up-type and down-type quarks are endowed with masses by 
means of the Yukawa interactions with the Higgs ground state: 

m f = 9f^ (30) 

Though the masses of chiral fermion fields can be introduced in a consistent way via the Higgs 
mechanism, the Standard Model does not provide predictions for the experimental values of 
the Yukawa couplings gj and, as a consequence, of the masses. A theory of the masses is not 
available yet, even though interesting suggestions for the textures of the mass matrices have 
been proposed, based on general matrix symmetries. A deeper understanding may be expected 
from superstring theories in which the Yukawa couplings are predictable numbers generated by 
the string interactions. 

In a physically more intuitive picture, the masses of gauge bosons and fermions may be 
built up by (infinitely) repeated interactions of these particles when propagating through the 
background Higgs field. Interactions of the gauge fields with the scalar background field, Fig. 
|3]a, and Yukawa interactions of the fermion fields with the background field, Fig. ||b, shift the 
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masses of these fields from zero to non-zero values: 



1 I , V I 

9 9 / ; 9 



9wv \ ]_ 

,V2 q 2 



-TT^T : M 2 -g 2 w - 



(31) 



(6) 



1 1 v l 



9fV 1 
\/2 (/ 



m f = g f 



V2 



Thus generating masses in the Higgs mechanism is equivalent to the Archimedes effect: objects 
in media weigh different from objects in the vacuum. 
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\ i \ i 
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(b) 
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Figure 3: Generating (a) gauge boson and (b) fermion masses through interactions with the 
scalar background field. 



The Higgs Boson: The mass of the Higgs boson is determined by the curvature of the self-energy 
potential V: 

M 2 H = Xv 2 (32) 

It cannot be predicted in the Standard Model since the quartic coupling A is an unknown 
parameter. Nevertheless, stringent upper and lower bounds can be derived from internal con- 
sistency conditions and from extrapolations of the model to high energies. 

The Higgs boson has been introduced as a fundamental particle to render 2 — ^ 2 and 2 — > 3 
scattering amplitudes involving longitudinally polarized W bosons compatible with unitarity. 
Based on the general principle of time-energy uncertainty, particles must decouple from a 
physical system if their mass grows indefinitely. The mass of the Higgs particle must therefore be 
bounded to restore unitarity in the perturbative regime. From the asymptotic expansion of the 
elastic S'-wave amplitude for WlWl scattering including W and Higgs exchanges, A(WlWl — > 
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W L W L ) -> GfMIi/AV^tt, it follows (Lee 77) that 

M 2 , < 2v / 27r/G F ~ (850 GeV) 2 



(33) 



Within the canonical formulation of the Standard Model, consistency conditions therefore re- 
quire a Higgs mass roughly below 1 TeV. 

Quite restrictive bounds on the value of the Standard Model Higgs mass follow from hypo- 
thetical assumptions on the energy scale A up to which the Standard Model can be extended 
before new physical phenomena may emerge which are associated with strong interactions be- 
tween the fundamental particles. The key to these bounds is the fact that quantum fluctuations 
modify the self-interactions of the Higgs boson in such a way that scattering processes, char- 
acterized by the energy scale /i, can still be described by the same form of interactions, yet 
with the quartic coupling constant A replaced by an effective, energy dependent coupling A(/x). 
These quantum fluctuations are described by Feynman diagrams as depicted in Fig. f| (Cab 79, 
Lin 86, She 89, Rie 97). The Higgs loop itself gives rise to an indefinite increase of the coupling 
while the fermionic top-quark loop drives, with increasing top mass, the coupling to smaller 
values, finally even to values below zero. The variation of the effective quartic Higgs coupling 
A(/x) and the effective top- Higgs Yukawa coupling gt(n) with energy may be written as 

dX 3 



(flog fl 2 

dg t 
dlog fi 2 



32tt 2 



with 



with 



X(v 2 



9t{v 



M 2 H /v 2 
■ y/2mf/v 



(34) 



For moderate top masses, the quartic coupling A rises indefinitely, dX/dlogfi 2 ~ +A 2 , and 



the coupling becomes strong shortly before reaching the Landau pole: 

X(v 2 ) 



A(/i 2 



(35) 
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Figure 4: Diagrams generating the evolution of the Higgs self-interaction X. 
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Re-expressing the initial value of A by the Higgs mass, the condition A (A) < oo, can be 
translated to an upper bound on the Higgs mass: 

M « s difc) (36) 

This mass bound is related logarithmically to the energy A up to which the Standard Model is 
assumed to be valid. The maximal value of M# for the minimal cut-off A ~ 1 TeV is given by 
~ 750 GeV. This value is close to the estimate of ~ 700 GeV in lattice calculations for A ~ 1 
TeV, which allow the proper control of non-perturbative effects near the boundary. 

A lower bound on the Higgs mass can be based on the requirement of vacuum stability 
(Cab 79, Lin 86, She 89, Rie 97, Alt 94). Since top-loop corrections reduce A for increasing 
top- Yukawa coupling, A becomes negative if the top mass becomes too large. In this case, the 
self-energy potential would become deeply negative and the ground state would not be stable 
any more. To avoid the instability, the Higgs mass must exceed a minimal value for a given top 
mass to balance the negative contribution. This lower bound depends on the cut-off value A. 
Only the leading contributions from H, t and QCD loops are taken into account. 

For any given A the allowed values of [m t , M#] pairs are shown in Fig. |5|. For a top mass 
m t = 175 GeV, the allowed Higgs mass values are collected in Table 1 for two specific cut-off 
values A. If the Standard Model is assumed to be valid up to the grand unification scale, the 
Higgs mass is restricted to a narrow window between 130 and 190 GeV. The observation of a 
Higgs mass above or below this window would demand a new strong interaction scale below 
the GUT scale. 



3.3 Interactions between fermions and gauge bosons 

The basic Lagrangian for the interactions between leptons, quarks and the electroweak gauge 
bosons W^, Z and 7 can be summarized in the following condensed form: 



A 


M H 


1 TeV 


55 GeV < M H < 700 GeV 


10 19 GeV 


130 GeV <M H < 190 GeV 



Table 1: Higgs mass bounds for two values of the cut-off A. 
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Figure 5: Bounds on the mass of the Higgs boson in the Standard Model. A denotes the energy 
scale at which the Higgs-boson system of the Standard Model would become strongly interacting 
(upper bound); the lower bound follows from the requirement of vacuum stability; see Refs. (Cab 
79, Lin 86, She 89, Rie 97, Alt 94). 



9w 



4cos?VV 
- e^Qkhl^fkA^ 



(37) 



The first term describes the charged-current reactions, the second term the neutral-current 
reactions, and the third term the parity-conserving electromagnetic interactions. The coupling 



e = g w sin -§ w 



(3* 



is the positron charge. J 1 * 1 are the isospin raising/lowering matrices. The SU{2) coupling gw is 
related to the Fermi coupling by 

G p 



_9w_ 

\/2 8M^ 



(39) 



This relation follows from the local limit of the W propagator connecting the muonic and 



electronic currents in fi decay. The relation (|39D will be modified by quantum effects, involving 
the top-quark mass and the Higgs mass. 
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The vector and axial- vector charges of the second term of Eq. ([37]) are defined by the isospin 
if and electric charge Qk of the fermion field 

v k = 2/| - 4Q fc sin 2 tf w 

a k = 2ll (40) 

if = ±1/2 for up- and down-type fields, respectively, and Qk = 0, —1 and 2/3, —1/3 are the 
electric charges of the leptons and quarks in units of the positron charge e. 



3.3.1 Charged-current leptonic scattering processes 
The process 

u^e~ -> v e \i~ (41) 

is a particularly instructive example for charged-current [CC] processes. The reaction is me- 
diated by the exchange of a W boson in the t-channel, cf. Fig. |6|a. If the total energy in the 
center-of-mass system is small compared to the W mass, the scattering process is an S'-wave re- 
action since only the left-handed components of both incoming particles are active; the angular 
distribution, as a result, is isotropic. The total cross section is given by 



G 2 F s 

71 



(42) 



in the intermediate-energy range rrif y'i where all fermion masses can be neglected. 





e u e 
(a) (b) 
Figure 6: The process z/^e - — > v e \i~ . 



This process may be contrasted with the reaction 



(43) 
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which proceeds through the exchange of a W boson in the s-channel, Fig. ^o. Since the 
right-handed antineutrino in the initial state interacts with the left-handed component of the 
electron, the overall spin is one. Since backward scattering is forbidden by angular momentum 
conservation, the angular dependence of the cross section must be of the form ~ (1 + cos#) 2 . 
As a result, the total cross section is reduced by a factor 1/3 compared to (|42]): 

a[u e e- -> v^-\ = (44) 

O 7T 

These two cross sections are the prototypes for charged-current reactions. 



3.3.2 Deep-inelastic charged-current neutrino-nucleon scattering 

CC interactions of neutrinos and quarks can be realized in deep-inelastic neutrino-nucleon scat- 
tering at high energies 5 . The neutrino i>i is transformed into a charged lepton i = e, \i which is 
observed in the final state: 

v t M -> tl (45) 
v t M -> £ + X (46) 

In QCD, the asymptotically free theory of the strong interactions, these processes are built-up 
by the incoherent superposition of neutrino-quark scattering processes (Bjo 70, Fey 72). In a 
simplified picture, ignoring for the moment more complicated processes including gluons, these 
are just the elastic scattering processes (cf. Fig. 0): 

v e d -> t~u (47) 
u e u -> td (48) 

The first subprocess is mediated by the transfer of a W + boson from the lepton system to 
the quark system in the t-channel while the second subprocess is mediated by the exchange 
of a W~ boson. The additional strange quark targets, antiquark targets, etc. contribute in a 
similar way. According to the spin-0 and spin-1 rules described above, the corresponding cross 
sections for intermediate energies are given as 

a[u e d^ru] = ^ (49) 

7T 



5 This chapter will focus on properties of the electroweak interactions at intermediate energies -C yfs <C 
Mw- The QCD aspects of deep-inelastic scattering are described in more generality in a different chapter of 
this volume. 
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Figure 7: Neutrino-nucleon scattering. 

a[p £U ^£ + d\ = ^ (50) 

The energy squared s = xs in the center-of-mass system is reduced by the Bjorken factor x in 
the neutrino-quark subsystem with respect to the total cms-energy squared s of the neutrino- 
nucleon system; x is the fraction of nucleon energy carried by the struck quark in the center- 
of-mass system. Denoting the density of up or down quarks in the isoscalar nucleon state 
J\f = |(P + N) by q(x), the antiquarks by q(x), the neutrino-nucleon and the antineutrino- 
nucleon cross section may be written as 

a[vtN ^rx ] = + («) 

W^tXi = + (52) 

with 

(x) q = / dxxq(x) and (%)q = / dxxq(x) 
Jo Jo 

measuring the overall momentum of the nucleon residing in the quarks and antiquarks. The 
additional contributions due to strange quarks can easily be included. This representation is 
valid for total energies squared s <C M^. 

The experimental analysis of deep-inelastic neutrino-nucleon and antineutrino-nucleon scat- 
tering, complementing deep- inelastic scattering of charged leptons mediated by photon-exchange, 
has led to a clear picture of the basic constituents of matter: 

(i) By observing the scaling behavior of the cross sections with energy, 

a v , o 9 oc s = 2mtfE VjP (53) 
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it could be proved experimentally, that the nucleons are built-up by light pointlike constituents. 

(ii) Comparing the cross sections for antineutrino with neutrino beams, it turns out that 

a v ja v w 1/3 (54) 

It follows from this observation that the constituent targets are spin-1/2 fermions. Combining 
this observation with the information obtained from measurements of eM — > eX scattering, 
leads to the conclusion that they are fractionally charged quarks. 



(iii) The quantities (x) q and (x)q measure the energy fraction residing in quarks and antiquarks 
in a fast moving nucleon. From the experimentally determined values 

(x) q PS 0.5 
(x)q ~ 0.05 

it can be concluded that most of the flavored constituents of a nucleon are matter particles 
and only a small fraction consists of antimatter particles. However, since (x) q ~ 1/2, only 
half of the energy is carried by flavored constituents while the other half must be attributed to 
non-flavored constituents which do not participate in the electroweak interactions. They can 
be identified with flavor-neutral gluons which provide the binding between the quarks in the 
nucleons. 

With rising energy, the momentum transfer Q 2 from the leptons to the quarks becomes so 
large that the W^-boson exchange will not be a local process anymore. When Q 2 is of the same 
order as M^, the H^-boson propagates between the leptons and the quarks. This gives rise 
to partial waves of higher angular momenta in the scattering processes that affect the angular 
distributions of the final state leptons. The scattering angle 6* in the center-of-mass system of 
the (uq) pair is related to the relative energy transfer y in the laboratory frame by the formula 
y — (1 — cos#*)/2. The differential cross sections may therefore be written as 

_ M „ i u] = (55) 

_[,,„ _ M = (56) 

Moreover, as a result of QCD radiative corrections, the quark densities q and q become loga- 
rithmically dependent on the momentum transfer Q 2 . The total cross sections 

a{vtN rx] = ^fJ l o {l+ %%, w) , b ^ « 2 ) + - *«■ « 2 )d - y'A < 57 > 
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and 

a[v t U^tX} = ^ ( l I' - ■ , 2 \x q(x, Q 2 ) (1 - yf + x q(x, Q 2 )} (5* 



vr Jo Jo (1 + Q 2 /M^) 2 - 

are therefore damped at high energies and, with Q 2 = xys, they do not rise any more linearly 
with s. 

The damping is a consequence of the short-range character of the weak force, restricted to 
a radius of the order of the Compton wave length \ w = Mw of the W boson. Asymptotically 
the cross sections approach the limit a ~ gw^w ~ G\M^. The large-Q 2 behavior of the CC, 
as well as of the MC cross sections in the equivalent processes e + P — > v e X and e + P — > e + X 
has been observed at HERA for the cms-energy y/s ~ 300 GeV which exceeds Mw by nearly 
a factor four, cf. Fig. || (Adl 00). 
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3.3.3 Neutral-current leptonic scattering processes 



The elastic scattering of muon-neutrinos or muon-antineutrinos on electrons has been one of 
the classical experiments in which neutral-current [MC\ interactions have been established in 
the electroweak sector of the Standard Model: 

z/ M e~ -> u^e~ (59) 
z/^e~ -> z/^e" (60) 

These scattering processes are mediated solely by the exchange of a Z boson, Fig. |9]. The scat- 
tering experiments can be performed by shooting a beam of muon-neutrinos and antineutrinos 
on electrons in the shells of atomic targets and observing the electron final state. The observa- 
tion of the single electron in the final state of neutrino-electron scattering (Has 73) marked a 
break-through in the development of particle physics, since it provided the first empirical proof 
of the existence of weak neutral-current interactions. 




Figure 9: Muon- (anti)neutrino electron scattering mediated by Z-exchange. 



Combining the vector and axial-vector couplings to left- and right-handed couplings, 



C R 



\{Vi + Oi) 



the cross sections can be cast into the simple form 



a 



Gps 

71 

G 2 pS 



7T 



cl + \cl 



cl + cl 



(61) 

(62) 
(63) 



Detailed measurements of these neutral-current cross sections have been exploited to determine 
the electroweak mixing angle sin 2 Aw 
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3.3.4 Deep-inelastic neutral-current scattering 



The analogous HC processes in deep-inelastic neutrino-nucleon scattering (Has 73a), 



v^H 



(64) 
(65) 



provide an excellent method for the measurement of the electroweak mixing angle. In the 
approximation in which the (small) antiquark content of the nucleon is neglected, the ratios 
of the HC over the CC neutrino and antineutrino- nucleon cross sections, R v and Rp, can be 
expressed (Seh 73) solely by the electroweak mixing angle sin 2 r d w : 

1 

" 2 



20 

sin 2 -d w + — sin 4 $ w 

— I 



(66) 



Rv = cr(u^ -> z/ M ) / 'a{vy, 



1 20 
H + ) = - - sin 2 $w + y sin4 ® w 



(67) 



Including the corrections due to the antiquarks in the nucleon, the deep-inelastic neutrino- 
scattering experiments allow for a high precision determination of sin 2 -#vr = 0.2253(22) (Cas 
98). Higher-order QCD and electroweak corrections are included in the experimental analysis. 



Besides neutral-current neutrino processes, also deep-inelastic electron scattering on nucle- 
ons is affected by Z exchange at large momentum transfer. The Z exchange interferes with the 
7 exchange in the elastic scattering of electrons on quarks: 



eq — ► eq 



(68) 



and the additional Z contributions modify the cross sections as predicted in quantum electro- 
dynamics. Moreover, since the electroweak theory is parity-violating, the cross sections for the 
scattering of electrons with left-handed and right-handed polarization are different. This is 
apparent at the level of the subprocesses, 
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(69) 
(70) 



in the usual notation. The generalized charges in these expressions are defined by the electric 
and Z charges of electron and quark; they also include the Z propagator: 

Q 2 



Q 



ij 



ixa 



J Q 2 + M 2 



(i,3 = L,R) 



(71) 
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The Z exchange in deep-inelastic electron scattering has been observed experimentally at SLAC 
and at HERA. 

(i) At the SLAC polarization experiment (Pre 79) the parity-violating asymmetry between the 
cross sections for left- and right-handedly polarized electrons 

or - o"l 



A 



o~r + cr L 



had been studied at Q 2 <C M§. The value of the asymmetry is predicted in the Standard Model 
to be 

3G F Q 2 



A 



ira 



3 5 . 2 \ / 3 2 \ l-(l-y) 2 

■- + - sm z v w \ + I — - + 3 sir i) w 1 



(72) 



The observation of a non-zero asymmetry proved, in a model-independent way, the parity 
violation of the electroweak neutral-current and Z-boson interactions. 

(ii) For momentum transfer Q 2 > Mf the dynamical effect of Z-boson exchange in deep- 



inelastic electron or positron-proton scattering has been observed at HERA, Fig. [L(J. The cross 
sections deviate in a characteristic way from the prediction of pure photon exchange. 
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Figure 10: Effect of Z- exchange on deep-inelastic MC scattering at HERA (Bre 00). 
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3.3.5 Forward-backward asymmetry of leptons in e + e~ annihilation 
At low energies, the production of charged muon pairs 

e + e~ — ► yU + /i~ (73) 

is mediated to leading order by the exchange of a photon in the s-channel. With rising cms- 



energy also Z exchange becomes effective, cf. Fig. [XX]. The value of the annihilation cross section 
is therefore modified with respect to the QED prediction. In addition, one expects a non-zero 
value for the forward-backward asymmetry of the observed (negatively) charged leptons with 
respect to the flight direction of the electron in the laboratory frame: 

A FB = (74) 




Figure 11: Muon-pair production in e + e collisions. 

Even though a non-zero value of the forward-backward asymmetry does not probe parity viola- 
tion in a model- independent way, the observable is nevertheless of great interest. A FB vanishes 
at low energies where the Z exchange is suppressed and only the photon is exchanged between 
initial and final state particles. However Afb is non-zero for Z-exchange contributions, reflect- 
ing, indirectly though, the parity violating coupling of the Z boson to a lepton pair. In leading 
order at energies squared s <C Mf , A FB may be written for muon-pair production as 

G F s 



A 



FB 



e e — > \i jj, 



~ CLpCL 1 1 

2ira * 



A non-zero value of this asymmetry had been measured at the early low-energy e + e colliders 



PETRA, PEP and TRISTAN. 
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3.3.6 The production of W ± and Z bosons in hadron collisions 

While the observation of J\fC reactions v^e — ► v^e and v^M —>■ v^X had been a tremendously 
important element in the understanding of the structure of the fundamental forces, the weak 
interactions in particular, these phenomena could still be interpreted as effective low-energy 
phenomena without the detailed knowledge of the microscopic dynamics. 

The first crucial step in establishing gauge theories as the basic theories of the electroweak 
forces, has been the direct observation of the heavy gauge particles and Z. 

These experiments were performed in colliding proton/antiproton beams at the CERN SppS: 

pp -> W ± X (75) 
pp -> ZX (76) 

Protons and antiprotons simply act in these processes as sources of quarks and antiquarks and 
single W ± and Z bosons are generated in Drell-Yan type subprocesses, cf. Fig. [L2|, 

u + d, u + d -> W ± (77) 
u + u,d + d -> Z (78) 




Figure 12: The Drell-Yan subprocess q + q — > W, Z . 

The cross sections for pp collisions are given by the Breit-Wigner cross sections of the subpro- 
cesses[] 

&W-+W*\ = ^f^xBW(s-M 2 w ) (79) 

= ^f^(v 2 q + a$) x BW(i - Ml) (80) 

6 BW denotes the normalized Breit-Wigner function BW(s - M 2 ) = MT/tt[(s - M 2 ) 2 + M 2 T 2 }. 
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convoluted with the number of quark-antiquark pairings generating the invariant energy = 
M WtZ : 

^ = I M^ z ) q(r/x, M^ z ) (81) 

with the scaling variable defined as r = M^ z /s in the narrow- width approximation. QCD 
corrections modify these predictions slightly. Virtual gluon exchange between quark and anti- 
quark in the initial state affect the qqW ± and qqZ vertices; moreover, gluons may be radiated 
off the quarks and antiquarks, the leading part of which can be taken into account by scale 
dependent quark densities; electroweak bosons can also be generated in the inelastic Compton- 
like processes gq — > q'W^ and gq — > qZ. These QCD corrections can be summarized globally 
in a K factor which turns out to be K « 1.4 for SppS energies of 630 GeV. The final form of 
the cross sections may therefore be written as 

Tir+N V2G F ir„ dC ud , , 

(7 { ^ W ±) = X__^ r __ (82) 

_ V2G f tt 2 2 d£« 

a{pp -»• Z) = — ^— ^ (v q + a q )KT—— (83) 

q=u,d 

The numerical values of the cross sections can easily be determined from these expressions. 

In the experiments (Arn 83, Ban 83, Arn 83a, Bag 83), the and Z bosons have to be 
identified by their decay products. The leptonic decays, 

W ± -> £iy e and lv t (84) 
Z -> £+£- for e = e,u (85) 

provided a small but very clean sample of events which have been used to study the properties 
of the electroweak gauge bosons: 

(i) Z decays generate a Breit-Wigner distribution in the invariant mass My of the £ + £~ pairs, 

7 P+P- J£- 1 M z T z (rm 

■ dMl *\Ml-MlY + MlY\ [m) 

giving rise to a narrow peak in the My, distribution near the mass of the Z boson for a small 



total width T z w 2.49 GeV, cf. Fig. P 



(ii) Due to the escaping neutrino the charged W bosons cannot be observed as a leptonic 
Breit-Wigner peak. However, kinematics and geometry conspire in such a way that a Jacobian 
peak is generated in the transverse momentum of the observed charged lepton. When the 
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Drell— Yan differential cross-section 




100 200 300 400 

Invariant Dimuon Mass [GeV/c ] 



Figure 13: Drell-Yan cross section for \i pairs (Abe 99). 



protons and antiprotons split into quarks and antiquarks, these partons move parallel to the 
hadrons with negligible transverse momenta. As a result, also the W ± bosons move parallel 
to the pp beam axis. Since, on the other hand, the change of area is singular when the poles 
are approached on a sphere, the transverse momentum distribution of the charged lepton, 
Lorentz-invariant for boosts along the pp axis, must also be singular near its maximum. 

Joining the two kinematical and geometrical arguments, the distribution of the transverse 
momentum of the charged leptons in the W ± decays along the pp axis can be derived as 

W ft* : = . P± (87) 

In praxi this distribution is slightly smeared out due to the radiation of gluons off the initial- 
state quarks and antiquarks which kicks the partons out of the pp axis. However, this effect 
does not spoil the basic characteristics, and it can be predicted quantitatively in perturbative 
QCD calculations. From Fig. [L4] it could therefore be concluded that the observed isolated 
charged electrons and muons signal the original production of the bosons. 

The measurements of the Z mass at the maximum of the Breit-Wigner distribution and 
of the W ± mass in the Jacobian peak of the lepton transverse-momentum distribution led to 
values in the range expected theoretically. The W mass could be predicted from the Fermi 
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p T (e) (GeV) 

Figure 14: Transverse momentum distribution of electrons originating from the decay of a W 
boson in hadron collisions as observed by the DO detector at the Fermilab (Abb 00). 



coupling and the measured electroweak mixing angle sm 2 $w, based on the low-energy relation 
fl3"9|); the Z mass is directly related to the W mass. Without taking into account radiative 
corrections, their values can be estimated as: 



M 



w 



'v^sin 2 $ W G F 



1/2 

« 79 GeV 



M z ~ M w I cos i? w « 90 GeV (89) 

Radiative corrections add shifts of about 1.5 and 1 GeV to M^ and Mz. The observation of 
the W ± and Z bosons in the UA1 and UA2 experiments has been an essential first step in 
establishing the electroweak theory of forces as a gauge theory, strongly supported moreover 
by the correct prediction of the W ± and Z masses in this framework. 



3.4 High-precision electroweak scattering 

In the preceding sections the Standard Model has been introduced by means of intuitive ar- 
guments. However, it can be shown that this non-Abelian gauge theory is mathematically 
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well-defined and that observables can be calculated to an arbitrarily high precision in a system- 
atic expansion after a few basic parameters are fixed experimentally A series of fundamental 
papers (tHo 71, tHo 72) in which the Standard Model has been proven to be a renormalizable 
theory, played a key role in establishing the Standard Model as the basic theory of the elec- 
troweak interactions. 

The high precision of the predictions on the theoretical side is matched by an equivalently 
high precision on the experimental side. Besides refinements of the basic scattering experiments 
which at early times supported the foundation of the theory, the precision achieved in e + e~ 
experiments at high energies, in particular at LEP and SLC, has allowed us to perform tests 
of the theory at the level of quantum corrections. Accuracies in general at the per-cent level, 
in some cases down to the per-mille level, have been achieved. The most exciting consequences 
of this development have been the prediction of the top quark mass which has nicely been 
confirmed by the direct observation at the Tevatron, and the prediction of the Higgs mass - 
yet to be confirmed at the time of writing. 

The great potential of theoretical and experimental high-precision analyses is the sensitivity 
to energy scales beyond those which can be reached directly. This method may be even more 
important in the future when extrapolations to scales are necessary that may never be accessed 
by experiments directly. 



3.4.1 The renormalizability of the Standard Model 

In interacting field theories the emission and re-absorption of quanta after a short time of 
splitting, compatible with the time-energy uncertainty, alters the masses of particles and their 
couplings, i.e. the interactions renormalize the fundamental parameters. These effects can be 
described by Feynman diagrams including loops. Two characteristic examples are shown in 



Fig. 15 



The self-energy corrections (cf. Fig. |l5|a) and the vertex corrections (cf. Fig. |l5|b) are di- 
vergent for pointlike couplings, leading to integrals of the type / cfik/k 4 ~ logA^ ut where K~ ut 
denotes the small scale up to which the interaction appears pointlike. These contributions 
add to the unobservable bare mass m and to the bare coupling g to generate the observable 
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a) 



b) 
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Sg 



Figure 15: Quantum corrections modifying mass and coupling parameters. 



physical mass m and the physical coupling g, 



mo + 5m = m 
go + 5g = g 



If this renormalization prescription is sufficient to absorb all divergences and to render all other 
observables finite in the limit A~^ t — > 0, the theory is renormalizable and well-defined. After 
the masses and couplings are fixed experimentally, all other observables can be calculated, in 
principle to arbitrarily high precision. 

Non-Abelian gauge theories, like the Standard Model, have been proven renormalizable. By 
fixing the electric charge e and strong coupling g s , the gauge boson masses, the fermion masses, 
and the Higgs mass, 



the values of all other observables can be predicted theoretically. In praxi the set 3ft may be 
replaced by the set 3ft exp , 



where a = e 2 /An and a s = g 2 /4n, to take maximal advantage of the parameters determined 
with the highest experimental accuracyQ 

The couplings Gp, a and a s have been determined very accurately in a long series of ex- 
periments (Cas 98). 



7 In the early analyses the electroweak mixing parameter sin 2 §w had been introduced instead of Mz, 
measured in low-energy v experiments. The heavy W and Z masses could successfully be predicted in this way. 



3ft : e, g„ M w , M z , m f , M H 



dt exp : a, a s , G F , M z , m f , M H 
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a) The Fermi coupling Gf'- The Fermi coupling is defined by the lifetime of the muon: 

(90) 




192vr 3J \ml) y 5.1/,v/[ 2i U " 

where f(x) = 1 — 8x + 8x 3 — x 4 — 12x 2 logx. By convention, QED corrections to the effective 
Fermi theory (the term in square brackets) are factored out explicitly In the above formula 
we have displayed only the one-loop corrections. Other electroweak radiative corrections to 
the muon decay are absorbed in Gp- Including the two- loop QED corrections, one finds in the 
experimental analysis of the muon decay the value 

G F = 1.16637(1) x 1(T 5 GeV~ 2 (91) 

with a relative accuracy of 10~ 5 . 

b) The Sommerfeld fine structure constant a: The fine structure constant is generally intro- 
duced as a = e 2 /4ir, defined for on-shell electrons and photons in the eey vertex. Proper 
methods to determine this fundamental parameter are the measurements of the anomalous 
magnetic moment of the electron, leading to 

a" 1 = 137.03599976(50) 

or the quantum Hall effect, with a significantly larger error though. 

This definition however is not well suited for high-energy analyses. Since vacuum polariza- 
tion effects screen the electric charge, the coupling increases when evaluated at a high scale of 
the 7 momentum transfer, Hr = Mz for instance: ot(M|) = a/(l — Act). 

The shift Aa, induced by screening effects due to lepton and hadron loops, can be deter- 
mined analytically for leptons and by a dispersion integral over the e + e~ annihilation cross 
section for hadrons: 



a / M 2 



Aa lept = £ — lo 



z 



3tt \ mi 




a °[ M\ds' cr(e + e — >• 7* — >• hadrons; s') 
3tt J s'[s' - Mf] a(e+e~ -»• 7* -»• s') 



Aa had = -— J — ^ - 7 - r - - - r — '— (92) 
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Evaluating the dispersion integral by making use of the measured annihilation cross section, 
the value of the coupling shifts to 

ar\M z ) = 128.934(27) 
This shift affects the high-precision electroweak analyses in a drastic way. 

c) The strong coupling a s : Since quantum chromodynamics is an asymptotically free theory, 
the renormalized QCD coupling is small at high energies. Perturbative expansions can therefore 
be used to perform high-precision tests in processes which involve quarks and gluons. In general, 
the reference value of the coupling a s (iin) is defined at the renormalization scale /ir = M z in 
the MS scheme in which the coupling is renormalized by subtracting just the singularity in 
D — 4 dimensions and a few finite constants. At the scale M z five quark flavors are active in the 
polarization of the vacuum; they reduce the gluon-induced anti-screening of the color charge. 

A large variety of experimental methods can be used at high energies to extract the QCD 
coupling: the cross section for e + e~ annihilation into hadrons; the hadronic decay of r leptons; 
the number of jets in Z decays; the hadronic event shapes; scaling violations of the structure 
functions; and decays of heavy quarkonia. The coupling is generally measured at scales dif- 
ferent from M Z - However, as long as the scales are high enough, the coupling can be evolved 
perturbatively to the common scale /ir = M z . The coupling has been determined in an overall 
fit as 

a s (M z ) = 0.1181 ±0.002 
to next-to-next-to-leading order accuracy. 

3.4.2 e + e~ annihilation near the Z pole 

After W ± and Z bosons had been discovered at the SppS, the next major step in the under- 
standing of the Z boson and the electroweak interactions have been the experiments carried 
out at the e + e _ storage ring LEP at CERN and the first e + e" linear collider SLC in Stanford. 
At LEP about 16 million Z bosons have been produced, allowing for high-statistics analyses 
of the electroweak interactions. SLC, on the other side, could be operated with longitudinally 
polarized electron and positron beams which increased the sensitivity of the electroweak mea- 
surements significantly. 

The precision achieved in the LEP and SLC experiments has allowed tests of the electroweak 
theory at the quantum level. The experimental results have put the Glashow-Salam- Weinberg 
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theory on very solid ground. The high-precision quantum analyses led to a tremendously suc- 
cessful prediction of the top-quark mass confirmed later in the Tevatron experiments, and to 
the prediction of a light Higgs boson, the discovery of which is eagerly awaited in the years to 
come. The sensitivity to quantum fluctuations in the physical observables demands the rigor- 
ous treatment of the electroweak and QCD corrections which will be described below in several 
consecutive steps for the basic process of fermion-pair production near the Z resonance in e + e~ 
annihilation. 

The fundamental process of fermion-pair production in e + e~ collisions, 

e + e" - // (93) 

/ denoting leptons and quarks, is mediated by Z-boson and 7 exchange in the s-channel, A = 
Az+A 1 . l cf. Fig. [16| (for f — e, there are also t-channel contributions). The quantum corrections 
at next-to-leading order include two different components: the pure QED corrections, i.e. virtual 
photon corrections and real photon radiation, and the genuine electroweak corrections in loops. 




Figure 16: The annihilation process e + e — > // at leading order. 



a) The improved Born approximation. The basic amplitudes in lowest order, A® and A° z , are 
current x current amplitudes in which the electromagnetic and electroweak currents are con- 
nected by the exchange of a photon and a Z boson: 

A o = 4 7 ra( g )g e g / ^ m(/) ^ m(e) 

(94) 

o V2G F M Z jZ (f)i z () 

^ s _ Mf + iMzTz(s) " U)J >* K ) 

The coefficients Q e , Qf denote the electric charges of the electron and of the fermion /; the 

electroweak currents j5(e) and j„(f) are coherent superpositions of a vector part proportional 
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to v e and Vf, and an axial- vector part proportional to a e and a/, cf. Eq. (^0|). By evaluat- 
ing the electromagnetic coupling a(s) at the proper scale s which characterizes the process, 
large logarithms from anticipated radiative corrections are incorporated in the improved Born 
approximation in a natural way. The Fermi coupling Gp is related in Eq. (^) to the SU(2) 
coupling gw at the scale Mf which is logarithmically equivalent to the proper scale s. 

The vector and axial- vector Z charges may be replaced by the partial widths Y(Z — > ff). 
The total Z-boson width in the Breit-Wigner denominator, interpreted as the imaginary part 
of the inverse Z propagator at scale s, may be defined with an energy- dependent coefficient, 
Tz(s) = (s/M z )Y z , while the proper Z width at the pole is denoted by Y z . 

Thus, the leading logarithmic radiative corrections can easily be incorporated in the cross 
sections within the improved Born approximation, resulting in the cross section (Hoi 00) 



The first part is the Breit-Wigner form of the Z contributions corrected by the real and imag- 
inary parts 



of the 7 — Z interference contribution Rf and J/; the second part describes the photon-exchange 
contribution. 

b) Electroweak corrections. The most important electroweak corrections for energies near the 
Z resonance are self-energy corrections in the 7 and Z propagators, as well as vertex corrections 
due to the exchange of electroweak bosons. Typical diagrams are depicted in Fig. O. Additional 



box diagrams give relative corrections of less than 10 -4 near the Z resonance and can safely be 
neglected. 

The p parameter (Vel 77) 

p eJ = 1 + Ap + Ap non _ univ (97) 

modifies the neutral-current coupling by universal corrections of the gauge boson propagators 
and by flavor-specific vertex corrections. 

In the same way the electroweak mixing angle in the currents must be specified properly. 
Defining 

sin 2 d w = 1 — M^/M z (98) 
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Figure 17: Typical diagrams contributing to the genuine electroweak corrections to e + e — > //. 

the weak mixing angle entering in the vector Z couplings of Eq. P0| ) are modified and replaced 
by effective mixing angles which are related to the basic definition as 

sin 2 $ e J = K eJ sin 2 $ w (99) 

Again, K e j can be separated into a universal and a flavor-specific part 

K eJ = 1 + Ak + Knon-univ (100) 

with 

A/« = cot 2 ?V A/) (101) 

The non-universal contribution is particularly large for the Zbb coupling. After the replacement 
A ^A z = yfp# s A\ and sin 2 <V - sin 2 ^ , the corrections p eJ and K eJ enter the cross 
sections o~(e + e~ — > //) and the partial widths YiZ — > ff) in the same form. The expression 
Eq. (|55|) for the cross section therefore can be kept unmodified when the dominant electroweak 
corrections are included. 

Apart from the explicit form of Ap which we will give at the end of this section, we will not 
discuss the various corrections in detail here but instead refer the reader to the literature (Bar 
99). 

c) QCD corrections. These corrections affect the production cross sections for quark pairs and 
the partial Z decay widths in the same way, when the quark masses are neglected, by the 
additional coefficient (Sch 73) 

Aqcd = 1 + — + • ■ ■ (102) 

7T 

Higher-order terms up to order (a s /7r) 3 are known as well. 
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d) QED corrections. Numerically the QED corrections (Ren 81) are the most important radia- 
tive corrections near the Z resonance. Since the formation of the Z resonance leads to a sharp 
Breit-Wigner peak, the radiation of photons from the initial electrons and positrons shifts the 
energy ^fs — > yk away from the peak, resulting in a large modification of the production cross 
section. The cross section including the QED vertex corrections and the photon radiation in the 
initial state can be expressed as a convolution of the electroweak cross section a, as calculated 
above, with the radiator function H: 

cqed(s) = / dxH(x)a[(l - x)s] (103) 
J o 

The upper integration limit x max describes the maximal fraction x of the photon energy not 
resolved in the detector. The result therefore depends strongly on possible cuts on the energies 
of observed photons. Without any cuts, the kinematical limit x max = 2E^ nax / y /s < 1 — Amj/s 
must be inserted. Including the resummation of soft photons, the radiator function can be 
written in leading logarithmic order as 

H(x)=(3x' 3 - 1 with p = & (log^-l) (104) 

The complete QED corrections reduce the peak value of the resonance cross section by about 
30 % and shift the position of the peak upward by about +100 MeV. Given the high precision 
of the LEP and SLC experiments, both these effects are crucial for the correct interpretation 
of these measurements. 



The final result for the total cross section cr[e + e~ — > hadrons] compared with experimental 
data is shown in Fig. 18 for e + e~ energies near the Z resonance. After adjusting the free 
parameters of the electroweak theory, e.g. the Z-boson mass Mz and the electroweak mixing 
angle sin 2 fiw, the theoretical prediction of the cross section is in wonderful agreement with the 
data. The experimental analysis supports the validity of the Glashow-Salam- Weinberg model 
as the theory of the electroweak interactions at a very high level of accuracy. 



Two other important observables are the forward-backward asymmetry Afb, which de- 
scribes the difference of the production cross sections for leptons and quarks in the forward 
and backward hemispheres with respect to the direction of the incoming electron, and the 
left-right asymmetry for longitudinally polarized electron and positron beams. These asymme- 
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tries can be expressed in terms of the electroweak parameters as 



.4 



FB — ~, 



3 2vf<if 2v e a e 



Avj + ajvl + 



4 sin 2 ft 1 



ell' 



1 + (1 -4sin 2 ^ ff ) 2 



.4 



2v P a P 



1-4 sin 2 d 



(105) 



LR 



cff 



vi + aj 



1 + (1 -4sin 2 ^ ff ) 2 

The explicit form of Afb as function of sin 2 $ l eG is valid for lepton asymmetries / = I — e, r. 
Since for leptons sin 2 ^g ff is near 1/4, it is apparent that the sensitivity to the value of sm 2 $ l eS 
is maximal for the left-right asymmetry. 



Many observables have been evaluated to scrutinize the validity of the electroweak Standard 
Model. The measurements of a large set of observables is compared with their best values within 
the Standard Model in Table 0, most noticeable: 



M z 



91.1882 ± 0.0022 GeV 
2.4952 ± 0.0026 GeV 



(106) 
(107) 



43 



Moriond 2000 





yppci irpmpnt 
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Pull 


m z [GeV] 


91.1871 ±0.0021 


.07 


r z [GeV] 


2.4944 ± 0.0024 


-.62 


<C*r [nb] 


41 .544 ±0.037 


1.72 


R e 


20.768 ± 0.024 


1.19 


A 0,e 
M fb 


0.01701 ±0.00095 


.70 


A e 


0.1483 ±0.0051 


.13 


\ 


0.1425 ±0.0044 


-1.16 


sin 2 6^ 


0.2321 ±0.0010 


.65 


m w [GeV] 


80.401 ± 0.048 


.15 




0.21 642 ±0.00073 


.85 


R c 


0.1 674 ±0.0038 


-1.27 




0.0988 ± 0.0020 


-2.34 


A 0,c 
M fb 


0.0692 ± 0.0037 


-1.29 


A b 


0.911 ±0.025 


-.95 


A c 


0.630 ± 0.026 


-1.47 


sin 2 6^ 


0.23096 ± 0.00026 


-1.87 


sin 2 6 w 


0.2255 ±0.0021 


1.17 


m w [GeV] 


80.448 ± 0.062 


.88 


m, [GeV] 


174.3 ±5.1 


.11 


A «had( m z) 


0.02804 ± 0.00065 


-.20 



Pull 

-3-2-1Q123 



-3-2-10 1 2 3 

Table 2: Experimental results for several precision observables at LEP1. The pull is defined as 
the deviation from the theoretical prediction in units of the corresponding one-standard deviation 
experimental uncertainty. 



sin 2 < ff = 0.23096 ± 0.00026 (108) 

In several cases the agreement of the data with the predictions is at the per-mille level — a 
triumph of field theory as the proper formulation of electroweak interactions. 



3.4.3 W + W~ GAUGE-BOSON PAIR PRODUCTION IN e + e~ ANNIHILATION 

The second process which could be exploited to perform precision tests of the Standard Model, 
is the production of W ± pairs in e + e" annihilation: 

e + e- -> W + W~ (109) 

This is a much cleaner production channel than for proton colliders since no additional spectator 
hadrons are generated in the final state. Compared with the other processes for gauge-boson 
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Figure 19: W + W pair production in e + e annihilation. 



The W + W~ pair production (All 77) is described by the Feynman diagrams shown in Fig. 
|T9"| . Both s- and t-channel exchanges are needed in order to generate a high-energy behavior 
compatible with unitarity. The separate s- and t-channel contributions grow strongly with 
y/s — > oo as seen in Fig. The sum of all contributions which interfere destructively, leads 
to a reduced increase above threshold but decreases proportional to log(s)/s at large s. The 
result (All 77) valid for all s reads 



a[e + e- -> W + W~] 



ira 2 (3 

2Sjy S 



1 + 



2M^ 



Mf (1 - 2s* w ) 



+ 



2M^ 



1, 1 + 
— log 
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Ml (8^ 



44- + 1)/? 2 
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,2 



— log 



+ 



20 



+ 12 



12M 2 , 



5 
3 



Ml 



(110) 



with svy = sin$vy, cw = cos$w and (3 = Jl — AMy^/ s. The cancellation amounts to a 
suppression by one order of magnitude at y/s = 400 GeV and two orders of magnitude at 
y/s = 1 TeV, induced by the interplay of the jWW, ZWW and evW couplings which are 
related to each other by the gauge symmetry of the Standard Model. 

The measurements of the P^-pair production cross section at LEP2 therefore provide the 
first determination of the 3-gauge-boson couplings 'yWW and ZWW. These couplings will 
be tested with higher accuracy at higher energies since even small anomalous couplings will 
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Figure 20: Total cross section for W + W~ production in e + e~ annihilation as predicted from the 
Standard Model (grey band), without the s-channel Z- exchange diagram (dashed line), without 
the s-channel 7, Z-exchange diagrams (dotted line), and compared with data from LEP2 (LEP 
00a). 



upset the gauge cancellations, quickly leading to sizable deviations from the Standard Model 
predictions. 

The detailed study of the excitation curve a tot (s) close to the threshold at y/s = 2M W 
provides a precise model-independent measurement of the W mass. In terms of the velocity (3, 
the cross section close to threshold, (3 <C 1, differential in the scattering angle 6, reads 

da ira 2 1 ^ / in ^cos 2 ^ — 1 ^,^\ /-,,\ 
a cos s 2 sin v w \ 4 cos^ Vw — 1 / 

The first, ^-independent term is due to the i/-exchange diagram; the second term due to the 
two s-channel diagrams vanishes at threshold. As a result, the total cross section 

*« = r^-(3 + 0((3 3 ) (112) 

s sm 
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rises linearly with /3, and it is determined by the kinematics and the well-established veW 
coupling alone. 

The dominance of the neutrino t-channel exchange contribution is a consequence of angular 
momentum and CP conservation: the s-channel exchange of spin-1 bosons restricts the total 
angular momentum of the final state to J < 1. On the other hand, since at threshold J is 
equal to the total spin of the two W bosons, one can have only J = 0, 1, or 2. The first of 
these values is forbidden because of fermion-helicity conservation in the initial state, the second 
by CP conservation. The s-channel contribution, as well as its interference with the t-channel 
diagram thus has to vanish at threshold. 

Finite-width effects and higher-order corrections modify the above formula, but the general 
behavior is not altered. 

Since the W boson is unstable and decays into either a charged lepton and the corre- 
sponding antineutrino or into two hadron jets, the analysis of H^-pair production requires the 
proper understanding of all Standard Model processes leading to four fermions in the final 



state e + e~ — > f1f2f-1.fi- The three Feynman diagrams shown in Fig. [19| for e + e~ — > W + W~ 
completed by subsequent decays of the W bosons constitute only a small subset of possible 
Feynman diagrams for this more general process. They dominate however, if two fermions with 
appropriate quantum numbers have an invariant mass close to the P^-boson mass. Investiga- 
tions of the invariant mass spectrum of pairs of final state fermions therefore provide another 
means to measure Myy- 



From the decay products of the bosons in the final state, W — > if, qq', the vector 
bosons can be reconstructed directly. This is a particularly useful method at energies well 
above the threshold in the continuum. Mixed lepton-jet pairs Ivjj where jets j emerge as 
hadronization products from the original quarks, provide a very clean event sample. Four-jet 
final states can also be used in the analysis. 

Combining all methods, from LEP as well as from the reconstruction of W bosons in proton 
collisions, leads to the final value (LEP 00a) 

M w = 80.382 ± 0.026 GeV (113) 

for the mass of the charged boson. 



3.4.4 Physical interpretation of the measurements 

1. A most important conclusion can be drawn from the high-precision measurements of the 
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Z-boson width. By observing Y z in the resonance excitation curve, the decay width into 
invisible final states of neutrino pairs can be derived by subtracting the visible charged-lepton 
and hadron channels with 



invis 



N„T(Z -> u t v t ) 



= N, 




(114) 



the number of families in the Standard Model can be counted by measuring N v , the number of 
light neutrinos: 



The measurement confirms the existence of three Standard Model families, the minimum num- 
ber necessary for incorporating CP violation in the theory. 

2. In the canonical form of the Standard Model, the precision observables measured at the Z 
peak are affected by quantum fluctuations; they give access to two high mass scales in the model: 
the top-quark mass m t , and the Higgs-boson mass M#. These particles enter as virtual states 
in the loop corrections to various relations between the electroweak observables. For instance, 
the radiative corrections to the relation between the W and the Z mass, and between the Z 
mass and sin 2 $ l eS , have a strong quadratic dependence on m t and a logarithmic dependence on 



More generally, quantum fluctuations from scales of physics beyond the Standard Model, 
e.g. supersymmetric or technicolor extensions, may also affect the electroweak observables. 
The modifications can either be exploited to scrutinize hypothetical extensions or, at least, to 
constrain the new scales characterizing the extended theories. 

A second area of new physics phenomena are possible deviations of the interactions between 
the electroweak gauge bosons from the predictions of the Standard Model. The form and the 
strength of the trilinear couplings are predicted by the non-Abelian gauge symmetry. They 
can be measured in the production of W + W~ pairs in e + e~ annihilation. These experiments 
therefore serve to verify one of the most important symmetry concepts in Nature. 

a) The masses of the top quark and the Higgs boson. Eliminating either My/ or sin 2 dy/ from 
the basic low-energy connection between the Fermi constant, the W mass and the electroweak 
mixing angle, the connection may be written in two forms. In the first case, 



N v = 2.994 ±0.012 



(115) 




(116) 
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Figure 21: Top-bottom and Higgs-boson loops contributing to the W boson self-energy. 
The correction Arz includes the shift a — > a(M|) and the contribution^ from top-bottom and 



Higgs fluctuations in the propagators of the electroweak vector bosons, cf. Fig. |21 



Ar z = Aa- Ap l + Arf + • • • (117) 

The shift Aa of the electromagnetic coupling has been discussed earlier. The leading top 
contribution to the p parameter (Vel 77) is quadratic in nit- 

The Higgs contribution is screened, depending only logarithmically on the Higgs-boson mass 
for large M#: 

G F Mw 1 + 9 sin 2 $ w Mjj 
Arz ~ My/2 Scos^ w l0g M^ + (HJ) 
Alternatively, the relation can be written in terms of Mw'- 

Ml V Ml) ^/2G F M Z (1 - Ar w ) 1 ) 

where the quantum correction Ar^ is composed of 

Ar w = Aa- cot 2 d w Ap l + Ar^ + • • • (121) 

with 

ArS - = ^fT loE Mf + "' (122) 

and Aa and Ap* as introduced above. 

8 Here and in the following, the ellipses denote higher-order corrections not shown explicitly. 
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Figure 22: Allowed region in the m t — Mu 'plane derived from a fit of LEP results to the 
Standard Model predictions (LEP 00a). 

Inserting the precision data for a, Gp, Mz and sin 2 $ l eS in the first case or Mw in the 
second case, these relations can be solved for m t and Mh- The final results for all the precision 
observables have been used to determine the top and the Higgs-boson masses as demonstrated 



in Fig. The value of the top mass obtained from the global fit (LEP 00a) 
indirect precision measurements : m t = 169.7^yQ GeV 



(123) 



is in excellent agreement with the value measured directly in top-quark production at the 
Tevatron (Abb 98, Yao 98): 

direct experimental measurements : m t = 174.3 ±5.1 GeV (124) 

In fact, the prediction of mt from the electroweak precision analyses was in agreement with the 
directly measured value within 15 GeV. 

The correctly predicted value of the top-quark mass raises hope that the second prediction 
may also be realized in Nature. Fixing the top mass to the experimental value, the evaluation 
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of the precision data leads to the following values for the Higgs-boson mass (LEP 00a): 

M H = GeV 

M H < 215 GeV at 95 %CL 1 ' 

Due to yet unknown two-loop corrections, the accuracy of the analysis is expected in the range 
of 100 GeV. This prediction is exciting for several reasons: (i) The numbers are compatible with 
a light Higgs-boson mass in the characteristic range of the scales of the electroweak symmetry 
breaking between My/ ~ 81 GeV and v/y/2 ~ 174 GeV; (ii) The small Higgs-boson mass is 
a prerequisite for extending the Standard Model to grand unification scales; in this way the 
value of the electroweak mixing angle is predicted correctly in the range observed experimen- 
tally. Moreover, the restricted mass range of the Higgs boson is nicely compatible with the low 
mass value expected in supersymmetric theories which are attractive extensions of the Standard 
Model. 



b) S, T, U parameters. Generalizing the previous analysis, a special class of "new physics" 
contributions can be described by the S, T, U parameters (Pes 90). They account for the 
quantum fluctuations of the electroweak bosons into new heavy states which have negligible 
couplings to the light leptons and quarks. Expanding the self energies of the electroweak bosons 
generated by the new physics contributions, about Q 2 = 0, 

n 77 (Q 2 ) = Q 2 n 77 (o) + • • • , u zz (q 2 ) = n zz (o) + Q 2 w zz (o) + ■■■ 
n 7 z(Q 2 ) = Q 2 n; z (o) + • • • , ti ww (q 2 ) = u ww (o) + Q 2 n' w (o) + . • • 

three of the six parameters are absorbed in the renormalized input parameters a, Gp and M z , 
whereas the other three are new observables: 
sin 2 2$w 




a 

'iW(o) n zz (o) 



(n' zz (o) - 2 cot aMi' Z7 (o) - n; 7 (o)) 

(127) 

M 2 W Ml J 

u = 4sm J w (n' w (o) - cos 2 ?vn zz (o) - sin2?vn Z7 (o) - sin 2 ?vn 77 (o)) 

The parameters have been determined in a global fit to the electroweak precision data. After 
subtracting the contributions from the Standard Model at M# = M z , the result (Cas 98) is 

S = -0.16 ±0.14 

T= -0.21 ±0.16 (128) 
U = +0.25 ±0.24 
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The parameter T corresponds to Ap and measures the weak isospin breaking, and so does 
U. In fact, the contributions of any new isodoublet with masses mu and mo to the three 
parameters are given by 



1 - Y log 



rn 



m D, 



m 1 ( 9 9 2m 2 r m 2 n , m 2 r \ 

4tt sin 2 2tf w Mf \ u " m^-m^ 

5mfj — 22m u m 2 D + 5m% mfj — 3mfjm 2 D — 3m^m|, + m|, ^ 

C.-_9. „_9 \S ' 




3(m^ — m|,) 2 (mfj — m 2 D ) 3 m 2 D ) 

where F represents the hypercharge of the doublet. Since T is measured to be very small, the 
new up and down masses must be nearly degenerate. In this limit, the expressions simplify: 

S = — ~ 0.05 
6n 

1 (mu — mu) 2 
= 37rsin 2 2^ M 2 (130) 
_ 2 (mc; - m D ) 2 
157T m 2 ; 

While the contributions to T and U are suppressed for nearly degenerate isodoublet masses, 
this is different for S; for a multiplet of heavy degenerate chiral fermions: 

s = ^E(/k-40 2 ( 131 ) 

i 

A very important application of these measurements scrutinizes technicolor theories of elec- 
troweak symmetry breaking. In these approaches the doublets add up to a value as large as 
S ~ 1.6 if they are formulated as QCD-type theories, in disagreement with the experimentally 
observed value for S. This discrepancy can be avoided only if the non-perturbative dynamics 
is extended to high scales as formulated in walking-technicolor scenarios. 

Supersymmetric theories however pass this control gate in a natural way: Since the new 
degrees of freedom decouple for asymptotic values of the masses, the contribution to the S, T, 
U parameters can be reduced to negligible size. 

c) W interactions and non-Abelian gauge symmetry. The non-Abelian gauge symmetry SU(2) x 
U(l) of the electroweak interactions predicts the form and the strength of the trilinear / yW + W~ 
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and ZW + W~ vertices. In the most general scenarios these couplings are described each by seven 
parameters (Gae 79). Assuming C, P and T invariance in the pure electroweak boson sector, 
the number of static parameters is reduced to three, 



£k/ig* = glw; u w,A k u + K k w;w v F% + jW^f* (132) 

for k = 7, Z with g y = e and gz = e cot -& w . The parameters — 1, g\ — 1+Ag^, n k = 1+An k 
and \ k can be identified with the 7 and Z charges of the W bosons and the related magnetic 
dipole moments \i k and electric quadrupole moments Q k : 

6 r . x . ecot^w r a 1 a x 1 

^ = t 2 + A ^ + A ^ ^ z = om 2 + A 9z + A«z + \z 

ZM W ZM W J (133) 

The gauge symmetries of the Standard Model demand g\ — 1, K k — 1 and A fe = 0. The magnetic 
dipole and the electric quadrupole moments can be measured directly in the production of 
and WZ pairs at pp and colliders and WW pairs at e + e~ and 77 colliders. 

Detailed experimental analyses have been carried out for the reaction e + e~ — > W + W~ — > 
{lvi){qq')- Presently the bounds from LEP2 are of the order of a few percent, those from the 
Tevatron slightly larger. Bounds on An and A which are expected at e + e _ colliders (Zer 99) at 
yfe = 500 GeV, 

Ag\ = 2.5 x 10~ 3 
Are 7 = 4.8 x 10~ 4 Ak z = 7.9 x 10" 4 (134) 
A 7 = 7.2 x 10~ 4 \ z = 6.5 x 10~ 4 

are significantly better than the bounds expected from the LHC High-precision tests can there- 
fore be performed in the near future on one of the most basic symmetries of the electroweak 
interactions. 



3.5 Dynamics of the Higgs sector 

The Higgs sector (Hig 64, Eng 64, Gur 64) is the cornerstone for the consistent field-theoretic 
description of the electroweak interactions which include non-zero masses for the gauge bosons. 
The Higgs mechanism manifests itself in the existence of a spin-zero particle, the Higgs-boson, 
the properties of which have been discussed earlier. The discovery of the Higgs-particle is the 
experimentum crucis of the Standard Model. The most important scattering processes in which 
this particle can be searched for will therefore be summarized briefly. 
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A surplus of events has recently been observed in LEP experiments (Acc 00, Bar 00) in 
the 4-jet channel and in the channel 2-jet + missing energy when the machine was operated at 
the highest possible energy above 206 GeV. Since clearly identified b quarks have been isolated 
in the jets, these events are compatible with the expected Higgs signal for M H = 115.0ig;g 
GeV. However, with 2.9 a, the rejection of the surplus as a possible statistical fluctuation or 
the increase of the significance are reserved for future experiments. 

3.5.1 HlGGS PRODUCTION CHANNELS AT e + e~ COLLIDERS 

The main production mechanisms (Spi 97) for Higgs bosons in e + e~ collisions are 

Higgs- strahlung e + e~ — > Z* — > ZH (135) 
WW fusion e + e~ -> v e v e {WW) -> v e v e H (136) 

In the Higgs-strahlung process the Higgs boson is emitted from the Z-boson line, while WW 
fusion is a formation process of Higgs bosons in the collision of two quasi-real W bosons radiated 
off the electron and positron beams. 

In the LEP2 experiments, the SM Higgs has been searched for, unsuccessfully, in the mass 
range up to about 112 GeV. The high-energy e + e~ linear colliders can cover the entire Higgs 
mass range in the second phase of the machines in which they will reach a total energy of about 
2 TeV. 



a) Higgs-strahlung. The cross section for Higgs-strahlung can be written in a compact form as 

ZH)= 9m\ vl+a ^h+mm± (137) 



a (e e 



967TS 



[1 - MHs\ 



where v e and a e were defined in Eq. ([40]) and A = [1 - (M H + M z ) 2 /s][l - (M H - M z ) 2 /s] is 
the usual two-particle phase-space function. The cross section is of the size a ~ 9wl s i i- e - °f 
second order in the weak coupling, and it scales in the squared energy. 

Since the cross section vanishes for asymptotic energies, the Higgs-strahlung process is most 
useful for the search for Higgs bosons in the range where the collider energy is of the same 
order as the Higgs mass, yfs > 0(M H ). The size of the cross section is illustrated in Fig. [23 
for an e + e~ linear collider with the energy y/s = 500 GeV as a function of the Higgs mass. 
Since the recoiling Z in the two-body reaction e + e~ — > ZH is mono-energetic, the mass of the 
Higgs boson can be reconstructed from the energy of the Z boson, M\ = s — lyfsEz + Mf , 
without any need to analyze the decay products of the Higgs boson. For leptonic Z decays, 
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Figure 23: The cross section for the production of SM Higgs bosons in Higgs-strahlung e + e~ — > 
ZH and WW/ZZ fusion e + e~ — > v e v e j 'e 4 e~ H ; solid curves: \fs = 500 GeV, dashed curves: 
^ = 800 GeV; (Spi 97). 

missing-mass techniques provide a very clear signal. 



b) WW fusion. Also the cross section for the fusion process ( |136| ) can be cast implicitly into a 
compact form: 



a e 1 e 



u e u e H) 



f(x,y) 



1 rl 

dx / dy 



[1 + (y -x)/k w ] 



;f{x,y) 



:i38i 



2x _ 1 + 3x 2 + x ^ 

y 3 y 2 y , 



l + z 



logfl + z) 



+ 



x z 2 (l — y) 
y 3 l + z 



with kh,w — ^hw/ s anc ^ z = y( x ~ k h)/ 

Since the fusion process is a t-channel exchange process, the size is set by the Compton 
wavelength of the W, suppressed however with respect to Higgs-strahlung by the third order of 
the electroweak coupling, o ~ g^/M^. As a result, WW fusion becomes the leading production 
process for Higgs particles at high energies. At asymptotic energies the cross section simplifies 
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to 

/ + - - u\ GpM w 
a(e^e — > v e v e H) 



(139) 



4x/2tt 3 

In this limit, WW fusion to Higgs bosons can be interpreted as a two-step process: the W 
bosons are radiated as quasi-real particles from electrons and positrons, e — > z^W 7 , with the 
Higgs bosons formed subsequently in the colliding W beams. 



The size of the fusion cross section is compared with Higgs-strahlung in Fig. At ^fs = 500 
GeV the two cross sections are of the same order, yet the fusion process becomes increasingly 
important with rising energy. 

c) 77 fusion. The production of Higgs bosons in 77 collisions can be exploited to determine 
important properties of these particles, in particular the two-photon decay width. The #77 
coupling is mediated by loops of charged particles. If the mass of the loop particle is generated 
through the Higgs mechanism, the decoupling of the heavy particles is lifted and the 77 width 
reflects the spectrum of these states with masses possibly far above the Higgs mass. 

The two-photon width is related to the production cross section for polarized 7 beams by 

a( 77 —> H) = 167r2r (# -> 77) x _ M 2 h) (14Q) 

where BW denotes the Breit-Wigner resonance factor as a function of the 77 energy. For 
narrow Higgs bosons the observed cross section is found by folding the 77 cross section with 
the invariant 77 energy flux rdC 11 jdr at r = Mfj/s ee . 

The event rate for the production of Higgs bosons in 77 collisions of Weizsacker- Williams 
photons is too small to play a role in practice. However, the rate is sufficiently large if the 
photon spectra are generated by Compton back-scattering of laser light. The 77 invariant en- 
ergy in such a Compton collider is nearly of the same size as the parent e + e~ energy and the 
luminosity is expected to be only slightly smaller than the luminosity in e + e~ collisions. In 
the Higgs mass range between 100 and 150 GeV, the final state consists primarily of bb pairs. 
The large 77 continuum background is suppressed in the JJ 7 = polarization state. For Higgs 
masses above 150 GeV, WW final states become dominant, supplemented by ZZ final states 
above the ZZ decay threshold in the ratio 1:2. While the continuum WW background in 77 
collisions is very large, the ZZ background appears controllable for masses up to order 300 GeV. 
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3.5.2 HlGGS PRODUCTION AT HADRON COLLIDERS 



Several processes can be exploited to produce Higgs particles in hadron colliders (Spi 97): 

gluon fusion gg — > H 

WW, ZZ fusion W+W~, ZZ -> H 

Higgs-strahlung offW,Z qq -> W, Z -> W, Z + H 

Higgs bremsstrahlung off top qq, gg —>■ tt + H 

While gluon fusion plays a dominant role throughout the entire Higgs mass range of the Stan- 
dard Model, the WW and ZZ fusion processes become increasingly important with rising Higgs 
mass. The last two radiation processes are relevant only for light Higgs masses. 

The production cross sections at hadron colliders, at the LHC in particular, are quite sizeable 
so that a large sample of SM Higgs particles can be produced in this machine. Experimental 
difficulties arise from the huge number of background events that come along with the Higgs 
signal events. This problem will be tackled by either triggering on leptonic decays of W, Z and t 
in the radiation processes or by exploiting the resonance character of the Higgs decays H — > 77 
and H — > ZZ — > Al . In this way, the Tevatron is expected to search for Higgs particles in the 
mass range above that of LEP2, extended to ~ 180 GeV only for high-luminosity operation. 
The LHC is expected to cover the entire canonical Higgs mass range Mh ^ 700 GeV of the 
Standard Model (ATL 99, CMS 94). 



a) Gluon fusion. The gluon-fusion mechanism 

PP -> 99 -> H 

provides the dominant production mechanism of Higgs bosons at the LHC in the entire relevant 
Higgs mass range up to about 1 TeV. The gluon coupling to the Higgs boson in the SM is 



mediated by triangular loops of top and bottom quarks as shown in Fig. |24j. Since the Yukawa 
coupling of the Higgs particle to heavy quarks grows with the quark mass, thus balancing the 
decrease of the amplitude, the form factor approaches a non-zero value for infinitely heavy 
quarks in the loop. If the masses of heavy quarks beyond the third generation were generated 
solely by the Higgs mechanism, these particles would add the same amount to the form factor 
as the top quark in the asymptotic heavy-quark limit. 

The partonic cross section, Fig. [24], can be expressed by the gluonic width of the Higgs 
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Figure 24: The formation of Higgs bosons in gluon-gluon collisions. 



boson at lowest order: 

c- L o(gg - H) = y T{H m h 99) x BW{§ ~ M » ] (141) 

where s denotes the partonic cms-energy squared. In the narrow-width approximation, the 
hadronic cross section can be cast into the form 

o-loKVV -> H ) = — — 142 

8s M H dr 

with dC" /dr denoting the gg luminosity of the pp collider, evaluated for the Drell-Yan variable 
t = Mfj/s, where s is the total hadronic energy squared. 

The size of the radiative QCD corrections can be parametrized by defining the K factor as 
K = o-nlo/°~lo- The virtual corrections K virt and the real corrections K gg for the gg collisions 
are of the same size, and both are large and positive; the corrections for qq collisions and the gq 
inelastic Compton contributions are less important. After including these higher-order QCD 
corrections, the theoretical uncertainty in the prediction of the cross section is significantly 
reduced from a level of 0(100%) down to a level of about 20%. 

The theoretical prediction for the production cross section of Higgs particles is presented in 



Fig. |25] for the LHC as a function of the Higgs mass. The cross section decreases with increasing 
Higgs mass. This is, to a large extent, a consequence of the sharply falling gg luminosity for 
large invariant masses. The bump in the cross section is induced by the tt threshold in the top 
triangle. The overall theoretical accuracy of this calculation is expected to be at a level of 20 
to 30%. 



b) Vector-boson fusion. The second important channel for Higgs production at the LHC is 
vector-boson fusion, W + W~ — > H . For large Higgs masses this mechanism becomes competitive 
with gluon fusion; for intermediate masses the cross section is smaller by about an order of 
magnitude. 
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For large Higgs masses, the two electroweak bosons W, Z which form the Higgs boson, are 
predominantly polarized longitudinally. At high energies, the equivalent particle spectra of the 
longitudinal W, Z bosons in quark beams are given by 

sn*) = ^h— (143) 



/£(*) 



2y/2rr 2 x 



v 2 q +a 2 q 



8V2- 



7l z 



1 — X 



X 



where x is the fraction of energy transferred from the quark to the W, Z boson in the splitting 
process q —>■ q + W/Z. Denoting the parton cross section for WW, ZZ — > H by 6~ with 

&o(VV -+H) = V2ttG f 5 (l - M 2 H /M VV ) (144) 



the cross section for Higgs production in quark-quark collisions is given by 

jrVV 

a(qq -> qqH) = V2%G F - (145) 

drw 

with Tw — My V / s. The hadronic cross section is finally obtained by summing the parton cross 
section (|145|) over the flux of all possible pairs of quark-quark and antiquark combinations: 



a 



VV -f H) = / rfrV — — a(qq' -> qq'H; s = ts) (146) 

Jm h/ s qq > dr 



Since to lowest order the proton remnants are color singlets in the WW, ZZ fusion processes, 
no color will be exchanged, at next-to-leading order, between the two quark lines from which 
the two vector bosons are radiated. As a result, the leading QCD corrections to these processes 
are already accounted for by the corrections to the quark parton densities. 

The sum of the WW and ZZ fusion cross sections for Higgs bosons at the LHC is shown in 



Fig. 25. The process is apparently most important in the upper range of Higgs masses, where 



the cross section approaches values close to gluon fusion. 



c) Higgs-strahlung off vector bosons. Higgs-strahlung qq — ► V* — > VH (V = W, Z) is a very 
important mechanism (cf. Fig. B3) for the search of light Higgs bosons at the hadron colliders 
Tevatron and LHC. Though the cross section is smaller than for gluon fusion, leptonic decays 
of the electroweak vector bosons are extremely useful to filter Higgs signal events out of the 
huge background. Since the dynamical mechanism is the same as for e + e~ colliders, except for 
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the folding with the quark-antiquark densities, intermediate steps of the calculation need not 
be noted in detail, and the final values of the cross sections for the Tevatron and the LHC are 
recorded in Fig. 25. 



d) Higgs bremsstrahlung off top quarks. Also the processes gg, qq — > ttH are relevant only for 
small Higgs-boson masses (cf. Fig. ^5]). The analytical expression for the parton cross section, 
even at lowest order, is quite involved, so that just the final results for the LHC cross section 
are shown in Fig. [Z5| 

Higgs bremsstrahlung off top quarks is an interesting process for measurements of the Htt 
Yukawa coupling. The cross section a{pp — > ttH) is directly proportional to the square of this 
fundamental coupling. 



10 



10 



10 



10 



10 r 



10 



I .... I 



200 



1 i 11 11 i 11 11 i 
a(pp->H+X) [pb] 

Vs = 14 TeV 

M t = 175 GeV 

CTEQ4M 




qq'^HW 



gg,qq^Htt 



_i I i i_ 



gg.qq >I Ibb 

i .... i .... i 



qq >!IZ 

. i . . . . -i -. 



400 600 
M H [GeV] 



800 



1000 



Figure 25: Higgs-production cross sections at the LHC for various production mechanisms as 
a function of the Higgs mass. QCD corrections are included except for Higgs bremsstrahlung; 
cf. (Spi 97). 



Summary. An overview of the production cross sections for Higgs particles at the LHC is 



presented in Fig. 25. Three classes of channels can be distinguished. The gluon fusion of Higgs 
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particles is a universal process, dominant over the entire SM Higgs mass range. Higgs-strahlung 
off electroweak W and Z bosons or top quarks is prominent for light Higgs bosons. The WW 
and ZZ fusion channels, by contrast, become increasingly important for large values of the SM 
Higgs boson. 

The signatures for the search of Higgs particles are dictated by the decay branching ratios. 
In the lower part of the intermediate mass range between 100 and 180 GeV, resonance recon- 
struction in 77 final states and bb jets can be exploited. In the upper part of the intermediate 
mass range, decays to pairs of virtual and real ZZ and WW bosons are important, with the 
two electroweak bosons decaying leptonically. In the mass range above the on-shell ZZ decay 
threshold, the charged-lepton decays H — > ZZ — > 4£ ± provide gold-plated signatures. At the 
upper end of the classical Standard Model Higgs-mass range, decays to neutrinos and jets, 
generated in W and Z decays, complete the search techniques. 



4 Summary and Perspectives 

Ingenious theoretical and experimental developments have led to a clear picture of the struc- 
ture of Nature, formulated at microscopic distances. The Standard Model of particle physics 
is based on quantum field theory. The fundamental constituents of matter are leptons and 
quarks. Abelian and non-Abelian gauge symmetries are the platform on which the electroweak 
and strong forces are built up. The particle masses are generated by interactions with a scalar 
field. 

A large variety of experiments in hadron-hadron scattering, lepton-nucleon scattering and 
electron-positron annihilation have established essential elements of this picture in the past 
decades. The ensemble of three lepton-quark families has been completed. The SU(3) x 
SU(2) x U(l) gauge symmetry has been established in the interactions of leptons and quarks 
with the gauge fields, partly with accuracies at the per-mille level. The same level of experi- 
mental accuracy can be envisaged for the interactions among the gauge bosons when the future 
proton-proton collider LHC and prospective electron-positron linear colliders will operate in 
the TeV energy range. The most pressing experimental problem within the Standard Model 
however appears to be the Higgs mechanism which has been introduced to generate the masses 
of the fundamental particles in a way consistent with the gauge symmetries. The production 
processes for the Higgs particle at the LHC will cover the entire canonical mass range of the 
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Standard Model in the near future and e + e colliders can scrutinize the dynamics of the Higgs 
mechanism. 

Even though the Standard Model provides a valid frame for physics from microscopic to 
macroscopic scales, the model cannot be considered as ultima ratio of Nature, (i) The separate 
electro-weak and strong gauge symmetries should be unified in a simple group. Attempts to 
unify SU (3) x SU (2) x U(l) in SU (5) at scales of order 10 16 GeV predict the electroweak mixing 
angle approximately in the correct range sin 2 $ w ~ 0.2. This signals a step in the right direction 
even though the picture must be considered oversimplified for many reasons. Embedding the 
Standard Model at the TeV scale in a supersymmetric theory in which fermionic and bosonic 
degrees of freedom are unified, offers a solution for many of the conceptual problems. The 
coexistence of vastly different scales, the Planck scale at M P1 ~ 10 19 GeV and the electroweak 
scale v/y/2 ~ 174 GeV, is stabilized by this theory and the proton decay can be suppressed, 
(ii) Gravity is attached ad hoc to the Standard Model and not incorporated properly in the 
theory. Again, supersymmetry formulated as a local symmetry provides a first raison d'etre for 
the spin-2 gravitational field, (iii) A consistent quantum theory of gravity may break the frame 
of local field theory. Theories of extended superstrings offer the solution of this problem. More- 
over, they unify gravity with particle physics. This approach should provide answers to many 
problems of the Standard Model: the symmetry structure; the family structure; the prediction 
of the large number of mass parameters and couplings. Such a theory to which the Standard 
Model would be an essential element, could describe Nature between the Planck length of 1CT 33 
cm and the scale 10 +28 cm of the Universe. 

Future scattering experiments at TeV energies will be crucial for establishing such a com- 
prehensive theory of matter and forces. 
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